difference between the Munc13-1/Unc-13/Dunc-13 knockout mutant mouse and invertebrate phenotypes Synapses in the central nervous system display a strikwas that synaptic transmission was completely shuting heterogeneity in presynaptic properties including down in mutant C. elegans and Drosophila, while in morphology, release probability, and short-term plasticmice, the blocking effect of the mutation on vesicle primity ( suggested that glutamatergic neurons form two types these cases, the molecular mechanisms underlying synof synapses, one of which is completely Munc13-1 deapse heterogeneity are unknown, and its physiological pendent while the other one uses an alternative vesicle relevance is unclear.
Introduction difference between the Munc13-1/Unc-13/Dunc-13 knockout mutant mouse and invertebrate phenotypes Synapses in the central nervous system display a strikwas that synaptic transmission was completely shuting heterogeneity in presynaptic properties including down in mutant C. elegans and Drosophila, while in morphology, release probability, and short-term plasticmice, the blocking effect of the mutation on vesicle primity (Harris and Stevens, 1989 Thomson, 1997) . In all of suggested that glutamatergic neurons form two types these cases, the molecular mechanisms underlying synof synapses, one of which is completely Munc13-1 deapse heterogeneity are unknown, and its physiological pendent while the other one uses an alternative vesicle relevance is unclear.
priming protein. The most likely explanation for this phePresynaptic short-term plasticity allows a given synnomenon is redundancy between Munc13 isoforms. apse to rapidly alter its transmitter release characterisWhile the C. elegans and Drosophila contain only one tics in response to acute changes in activation patterns.
unc13/dunc13 gene each, the mammalian Munc13 family is comprised of three independent gene products (Munc13-1, Munc13-2, and Munc13-3; Augustin et al., type neurons, 90% of all synapses are exclusively deMunc13-1-dependent synapses depress with time when stimulated at frequencies between 1 and 20 Hz. At 10 pendent on Munc13-1 and therefore do not express Munc13-2 (Augustin et al., 1999b) . In summary, these Hz, EPSC amplitudes of wild-type neurons decreased steadily over 100 stimuli to 32% of the initial amplitude data demonstrate that in hippocampal primary neurons, Munc13-1 and Munc13-2 are expressed in different syn-(1170 Ϯ 250 pA to 373 Ϯ 121 pA, n ϭ 24; Figure 3A ). apse populations formed by the same axon.
EPSCs of Munc13-1 knockout neurons decreased wildtype-like for the first two consecutive responses ( Figure  3D ). However, the EPSC amplitude then increased to Munc13-1-Dependent and Munc13-2-Dependent about 200% of the baseline value during ten stimuli (from Synapses Exhibit Different Types of Short-Term 78 Ϯ 16 pA to 147 Ϯ 15, n ϭ 47). After 100 stimuli, the Synaptic Plasticity during High-EPSC amplitude in Munc13-1 knockout cells was still Frequency Stimulation 70% larger than the initial amplitude (121 Ϯ 15 pA, n ϭ Next we compared the release properties of wild-type 47; Figure 3B ). Despite this strongly augmenting behavsynapses (that employ mainly Munc13-1 as a priming ior of Munc13-1 knockout neurons, the steady state factor) and synapses from Munc13-1 knockout neurons amplitude of EPSCs during high-frequency stimulation (that employ Munc13-2 as a priming factor, see above).
remained below 30% of the wild-type value ( Figure 3A ). Reproducing our previous observations, we found that Because this remaining release component in Munc13-1 at low stimulation frequencies (0.2 Hz), EPSCs measured knockout neurons is not detectable in the completely in Munc13-1 knockout neurons are dramatically reduced release-incompetent Munc13-1/2 double knockout neu-(107 Ϯ 17 pA, n ϭ 56, versus 1.28 Ϯ 0.25 nA, n ϭ 45, rons, we conclude that it is maintained by Munc13-2-in wild-type or heterozygous mutant neurons; see also mediated vesicle priming. In contrast to glutamatergic Augustin et al., 1999b). Munc13-2-dependent synapses cells, GABAergic Munc13-1 knockout cells showed release transmitter with an apparently wild-type-like remore wild-type-like depression of IPSCs during 10 Hz lease probability when stimulated at low frequency (Austimulation (2.0 Ϯ 0.5 nA to 0.36 Ϯ 0.092 nA, n ϭ 10, gustin et al., 1999b). However, they were found to differ for wild-type cells and 2.12 Ϯ 0.34 nA to 0.64 Ϯ 0.11 profoundly from Munc13-1 synapses when stimulated at higher frequencies. Typically, EPSCs in wild-type, nA, n ϭ 27, for Munc13-1 knockout cells; Figure 3C ). This Munc13-1 while synaptic transmitter release in Munc13-1 knockout cells is due to the priming action of Munc13-2 only. The striking differences in short-term Munc13-2, which differentially control changes in release plasticity between wild-type and Munc13-1 knockout dynamics during high-frequency action potential trains. neurons (Figure 3 and additional data below) are due to
In wild-type cells, Munc13-2 synapses contribute weakly but significantly to the maintenance of synaptic intrinsic functional differences between Munc13-1 and ). Augmentation was induced with a 10 Hz action potential train, and the dual component EPSC was examined before and 2 s after augmentation. Presumably due to the elevated release probability, augmentation was generally less pronounced than under standard ionic conditions, but the degree of augmentation was indistinguishable between the AMPA (2.4-Ϯ 0.2-fold, n ϭ 14) and NMDA components (2.57-Ϯ 0.13-fold, n ϭ 9) (not shown). In additional experiments, we tested for potential changes in postsynaptic sensitivity during augmentation (e.g., due to postsynaptic insertion of new receptors) by probing the total responsiveness of postsynaptic AMPA receptors in Munc13-2-dependent cells. We expected that this approach would allow us to reliably detect increases in postsynaptic receptor density or sensitivity due to augmentation because a large fraction of cellular AMPA receptors is synaptically localized (Craig and Boudin, 2001) and an average EPSC augmentation of some 500% would therefore be paralleled by a readily detectable increase in cellular responses to exogenously added AMPA receptor agonists. However, when we compared responses of Munc13-1 knockout, Munc13-2-dependent cells to exogenously applied kainate (10 M) before and after induction of augmentation, PDBU application caused an EPSC potentiation of 510% Ϯ 83% (n ϭ 11). In contrast, EPSCs in neurons rescued with Munc13-1 were potentiated by 247% Ϯ more, PDBU-induced potentiation and train-induced augmentation were not additive ( Figure 9B ). Frequency-aug-22% (n ϭ 12, Figure 9C) ., 1999b) , we propose that Sullivan, 1998). The RRP increased by 30% Ϯ 15% (n ϭ 5) in Munc13-2-dependent synapses and by 11% Ϯ 5% at least in some cases where functionally distinct facilitating and depressing synapses are observed in vivo, in Munc13-1-dominated wild-type synapses (n ϭ 4; Figure 9A) . Thus, the strongly potentiating effect of PDBU their differential equipment with Munc13 priming factors is causing the functional differences. Our data suggest on evoked transmitter release from Munc13-2-dependent cells is not caused by a correspondingly strong a simple mechanism, i.e., switch from Munc13-1 to Munc13-2 in the presynaptic terminal or vice versa, by increase in the RRP size. This is in contrast to augmentation induced by high-frequency action potential trains, which a depressing or facilitating synaptic phenotype could be transformed into the respective other. where pool size is strongly increased. These findings indicate that ␤-phorbol esters exert their effects through a mechanism that is only partially redundant with the 
